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The  challenge  of  producing  lithium-ion  batteries  meeting  performance  requirements  and  low  environ¬ 
mental  impact  is  strictly  related  to  the  choice  of  materials  as  well  as  to  the  manufacturing  processes. 
Most  electrodes  are  currently  prepared  using  poly(vinilydene  fluoride)  (PVDF)  as  binder.  This  fluorinated 
polymer  is  expensive  and  requires  the  use  of  a  volatile  and  toxic  organic  solvent  such  as  N-methyl- 
pyrrolidone  (NMP)  in  the  processing.  Water  soluble  sodium  carboxymethyl  cellulose  (CMC)  can  be  a 
suitable  substitute  for  PVDF  as  binder  for  both  anodes  and  cathodes  eliminating  the  necessity  of  NMP 
and  thus  decreasing  the  cost  and  the  environmental  impact  of  battery  production.  In  this  work,  CMC 
has  been  successfully  used  to  prepare  efficient  and  stable  anatase  Ti02  anodes  by  optimizing  the  elec¬ 
trode  manufacturing  process  in  terms  of  composition  and  compression.  The  stability  and  the  high  rate 
performances  of  the  Ti02/CMC  are  described  and  compared  with  those  of  Ti02/PVDF  electrodes.  The 
compatibility  of  the  Ti02/CMC  with  a  LiFeP04  cathode  in  a  full-cell  is  also  reported. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  market  request  for  high  energy  density  rechargeable 
lithium-ion  batteries  for  applications  such  as  EV  and  HEV  calls 
for  high  safety  standards  and  low-cost  materials.  Moreover,  the 
increase  of  environment  related  problems  imposes  the  develop¬ 
ment  of  green  processes  for  the  batteries  production  and  disposal. 
Therefore,  there  is  an  increasing  interest  in  the  development  of 
safer  and  less  toxic  electrolytes  and  electrode  materials  and  in 
the  improvement  of  electrode  fabrication  process  and  compo¬ 
nents  recycling.  Electrode  composition  and  engineering  are  also 
crucial  for  battery  performances  and  safety  [1].  Beside  the  use 
of  inherently  safe  electrode  materials  (e.g.  LiFeP04  and  lithium 
titanates)  and  electrolyte  systems  [1,2],  the  choice  of  the  type 
and  amount  of  binder  in  the  electrode  composition  is  also  very 
important  to  optimize  electrode  cost,  energy  density,  stability  and 
production  procedure  [1].  Due  to  its  suitable  properties  in  terms 
of  electrochemical  stability  and  adhesion  between  active  mate¬ 
rial,  conductive  agents  and  current  collectors,  PVDF  is  at  present 
the  most  widely  used  binder  for  anodes  and  cathodes  prepara¬ 
tion.  However,  the  use  PVDF  in  electrode  manufacturing  requires  an 
organic  solvent,  such  as  N-methyl  pyrrolidone  (NMP)  that  is  expen¬ 
sive,  volatile  and  toxic.  Due  to  environmental  hazard,  NMP,  that 
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evaporates  during  electrode  drying,  must  be  collected  and  puri¬ 
fied  with  additional  costs  in  the  overall  production  process.  It  has 
been  also  demonstrated  that  PVDF  reacts  with  metallic  lithium 
and  lithiated  graphite  especially  at  high  temperatures,  with  the 
risk  of  self-heating  thermal  runaway  [1,2].  Recently  alternative 
binders  such  as  water  soluble  sodium  carboxymethyl  cellulose 
(CMC)  have  been  investigated  [1-11].  Natural  graphite  [12],  MCMB 
[13],  Li4Ti50i2  [3],  tin  and  silicon  anodes  [8,11,14-16]  and  LiFeP04 
cathodes  [3,17]  using  CMC  as  binders  have  been  reported.  The  main 
advantages  in  using  CMC  instead  of  PVDF  are  related  to  its  lower 
cost  and  to  the  possibility  to  replace  NMP  with  water  during  elec¬ 
trode  fabrication  thus  decreasing  the  cost  and  the  environmental 
impact  of  the  battery  production. 

Sodium  CMC  is  a  linear  polymeric  derivative  of  natural  cellulose, 
made  water  soluble  because  of  the  presence  of  carboxy-methyl 
groups.  Different  levels  of  carboxy-methyl  (-OCH2COO_  Na+)  sub¬ 
stitution  are  possible  up  to  the  maximum  degree  of  substitution  of 
3  (DS  =  3).  It  has  been  demonstrated  that  CMC,  either  alone  or  in 
combination  with  styrene  butadiene  block  co-polymer  (SBR),  can 
replace  PVDF  as  binder  providing  good  cycleability  and  mechanical 
stability  to  electrodes  that  suffer  of  severe  volume  expansion  dur¬ 
ing  cycling  (e.g.  tin-lithium  alloys)  [8,18].  CMC  as  binder  in  graphite 
electrodes,  in  addition,  lowers  the  irreversible  capacity  loss  (ICL)  in 
the  first  cycle  and  improves  the  high  rate  performances  [8]. 

This  paper  describes  the  possible  use  of  CMC  binder  in  Ti02- 
based  electrodes.  Titanium  dioxide  offers  a  range  of  physical  and 
chemical  properties  that  make  it  suitable  for  a  wide  spectrum  of 
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applications  such  as  photoelectrochemistry  [19],  electrochromic 
devices  [20],  catalysis  [21],  gas  sensing  [22],  and  dye-sensitised 
solar  cells  [23].  Being  biocompatible,  environmentally  friendly  and 
readily  available,  Ti02  is  also  a  promising  candidate  to  replace 
the  carbon-based  anode  material  for  lithium-ion  batteries.  Among 
different  Ti02  polymorphs,  anatase  presents  fast  lithium  inser¬ 
tion/extraction  reactions  and  high  insertion  capacity  [24-32].  The 
reversible  electrochemical  process  of  lithium  insertion  into  anatase 
occurs  according  to  the  following  reaction: 

Ti02+x(Li+  +  e-)  =  LixTi02  (1) 

where  x  is  the  number  of  lithium  ions  inserted  per  mole  of 
Ti02.  The  maximum  theoretical  capacity  corresponding  to  x  =  1  is 
335  mA  h  g-1 .  From  a  practical  point  of  view,  the  degree  of  insertion 
is  limited  to  x  =  0.5,  corresponding  to  the  two-phase  equilibrium 
between  the  Li-poor  Li0.05TiO2  and  the  Li-rich  Li0.sTiO2  phases.  The 
associated  reversible  capacity  is,  therefore,  168mAhg-1  [27-29]. 
Anatase  particle  size  and  morphology  have  a  strong  influence 
on  lithium  insertion  ability.  It  has  been  demonstrated  that  the 
use  of  nanosized  anatase  [28,30]  results  in  enhanced  kinetics 
of  the  lithium  insertion/extraction  process  and  higher  reversible 
capacity,  with  lithium  storage  capability  close  to  the  theoretical 
value  [31,32].  In  particular,  mesoporous  materials  are  effective 
in  increasing  the  lithium  insertion  capacity,  especially  at  high 
charge/discharge  rates  [26,33,34].  In  order  to  improve  the  mate¬ 
rial  conductivity  different  strategies  have  been  explored  including 
the  addition  of  conductive  phases  such  as  carbon,  conductive  poly¬ 
mers,  or  metals  [25,35-38].  Electrochemical  lithium  insertion  and 
extraction  occur  at  relatively  high  voltage  vs.  Li  (about  1 .8  V  and  2  V, 
respectively).  This  means  that  the  energy  density  of  the  lithium-ion 
battery  is  significantly  reduced  when  a  Ti02  anode  replaces  the  con¬ 
ventional  graphite  negative  electrode.  On  the  other  hand,  the  high 
working  potential  of  the  Ti02  anode  reduces  safety  problems  of  the 
lithium-ion  cell  that  are  typically  related  to  the  use  of  graphite.  In 
fact,  at  these  potential  values  no  electrolyte  reduction  takes  place 
at  the  electrode  surface.  As  a  consequence,  SEI  formation  and  high 
values  of  irreversible  capacity  losses  (ILC)  are  avoided.  In  addition 
lithium  deposition  is  highly  improbable  making  the  batteries  much 
safer  than  those  using  graphite  anodes. 

This  paper  deals  with  the  electrochemical  behavior  of  Ti02/CMC 
electrodes  that,  to  the  best  of  our  knowledge,  has  never  been 
reported.  For  comparison,  electrodes  prepared  with  PVDF  binder 
have  been  also  tested.  The  electrodes  were  tested  either  vs.  metallic 
lithium  or  in  complete  cells  using  LiFeP04  as  cathode  active  mate¬ 
rial.  Important  parameters  such  as  density,  porosity  and  binder 
amount  have  been  considered.  The  results  are  discussed  in  terms  of 
reversible  specific  capacity,  high  rate  performances  and  long  term 
stability. 

2.  Experimental 

A  commercial  nanocrystalline  anatase  Ti02  (Hombikat 
N100,  Sachtleben,  Germany,  particle  size  (d50)  =  2pJm,  crystal 
size  =  20nm,  BET  surface  area  =  100m2 g-1,  density  4.1  gem-3) 
was  used  as  active  material  with  Super  P  carbon  (density  2  gem-3) 
as  conductive  agent,  sodium  carboxymethyl  cellulose  (CMC, 
Aldrich,  density  1.59 gem-3)  and  poly(vinilydene  fluoride)  (PVDF, 
Aldrich,  density  1.71  gem-3)  as  binders. 

CMC  was  used  as  received  to  prepare  a  5%  w/o  solution  in  high 
purity  deionized  water.  Dried  PVDF  was  used  to  prepare  a  5%  w/o 
solution  in  anhydrous  NM2P  (N-methyl-2-pyrrolidinone,  Aldrich). 
The  composition  of  the  slurry  containing  PVDF  was  Ti02:Super 
P:binder  =  80:10:10  w/o.  Several  slurries  having  different  com¬ 
positions  have  been  prepared  with  CMC  binder  with  w/o  ratios 
Ti02:Super  P:binder:  (i)  80:10:10,  (ii)  78:10:12,  (iii)  82:10:8  and 


(iv)  85:10:5.  The  viscosity  of  the  slurry  was  adjusted  by  solvent 
addition.  The  slurries  were  coated  onto  Al  foils  current  collec¬ 
tor  (Gelon,  China)  using  the  doctor  blade  technique  (thickness 
200  p>m).  Circular  electrodes  were  cut  from  the  foil,  pressed  and 
dried  (130  °C)  under  vacuum  overnight.  The  diameter  of  the  elec¬ 
trodes  was  9  mm  for  half-cell  tests  and  16  mm  for  full-cell.  The 
loading  of  active  material  was  in  the  range  2.54-2.77  mg  cm-2  for 
either  PVDF  or  CMC-based  layers.  The  cathode  composition  for  full¬ 
cell  tests  was  LiFeP04  (Aleees,  Taiwan):  Super  P:PVDF  in  a  weight 
ratio  of  80:10:10  coated  on  an  Al  foil.  Electrode  morphology  was 
investigated  using  a  Cambridge  Stereoscan  mod.  360  Scanning  Elec¬ 
tron  Microscope  (SEM). 

The  electrochemical  measurements  were  performed  using 
three-electrode  cells  assembled  in  an  argon-filled  glove  box.  For 
half-cell  measurements  the  electrodes  were  assembled  in  T-cells 
with  metallic  lithium  as  reference  and  counter  electrodes,  and  a 
polypropylene  film  (Celgard  2400)  as  separator.  Full-cells  were 
assembled  using  coin  cells  (EL-CELL,  Germany)  with  metallic 
lithium  as  reference  and  a  glass  fiber  (EL-CELL,  Germany)  as  sepa¬ 
rator.  The  electrolyte  was  a  1  M  solution  of  LiPFg  in  EC:DMC  1:1 
(Merck).  All  the  measurements  were  carried  out  at  room  tem¬ 
perature  using  a  VMP2/Z  electrochemical  workstation  by  BioLogic 
Science  Instruments.  All  potentials  are  given  vs.  Li+/Li.  The  active 
material  loading  ratio  cathode/anode  for  full-cell  experiments  was 
about  1 .4.  For  full-cell  tests  separated  control  of  the  anode  and  cath¬ 
ode  potential  cut-off  were  used  in  order  to  avoid  overcharge  or 
overdischarge  of  both  electrodes.  The  potential  windows  were  set 
as  1-3.2  V  for  the  complete  cell,  2-4.2  V  for  the  cathode  and  1-3  V 
for  the  anode.  The  charge/discharge  rates  are  computed  assuming 
1  C  =  0.168  Ag-1  as  anode  theoretical  capacity. 

3.  Results  and  discussion 

3.1.  Morphological  characterization 

The  morphology  of  the  electrodes  obtained  using  organic  or 
aqueous  processing  was  probed  by  Scanning  Electron  Microscopy 
(SEM).  The  SEM  analysis  has  been  carried  out  on  electrodes  as 
obtained  after  drying  and  before  pressing.  Fig.  1  shows  micrographs 
of  electrodes  containing  PVDF  10%  (a  and  c)  and  CMC  10%  (b  and 
d),  respectively,  at  different  magnifications.  The  layers  prepared 
with  CMC  appear  more  uniform  and  compact  than  those  prepared 
with  PVDF.  The  higher  electrode  compactness  is  also  indicated  by 
the  wet/dried  thickness  layer  ratio  that  was  4:1  (wet  =  200  pun; 
dry  =  50|xm)  for  the  PVDF-based  layer  and  5:1  (wet  =  200  pun; 
dry  =  40  pun)  for  the  CMC-based  layer.  Similar  results,  not  shown 
for  sake  of  brevity,  have  been  obtained  for  electrodes  with  differ¬ 
ent  binder  amounts.  The  result  is  consistent  with  those  reported  in 
[3]  for  CMC/Li4Ti50i2  anodes,  where  the  high  compactness  of  CMC 
based  electrodes  has  been  attributed  to  the  substantial  shrinkage 
of  cellulose  during  the  drying  step. 

3.2.  Optimization  of  CMC  content 

An  important  aspect  in  electrode  fabrication  is  the  loading  of 
active  material  that  should  be  maximized  in  order  to  increase  the 
energy  density  per  unit  electrode  area.  The  active  material  mass 
fraction  in  the  electrode  is  limited  by  the  amount  of  conductive 
and  binder  additives  necessary  to  optimize  electrode  stability  and 
conductivity.  In  order  to  determine  the  best  active  material/binder 
ratio  in  the  preparation  of  Ti02/CMC  electrodes,  different  elec¬ 
trode  compositions  with  amounts  of  CMC  from  5  to  12%  w/o 
have  been  prepared  and  tested  by  galvanostatic  charge/discharge 
cycles  at  rates  ranging  2-8  C.  The  experiments  were  performed 
using  electrodes  pressed  at  0.1  tons  cm-2  (see  Section  3.3).  Fig.  2 
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Fig.  1.  SEM  images  of  the  electrode  containing  PVDF  10%  at  magnification  levels  500 x  (a)  and  2500 x  (c)  and  CMC  10%  at  500 x  (b)  and  2500 x  (d).  The  images  refer  to 
un-pressed  electrodes. 


Fig.  2.  Lithium  insertion  (hollow  symbols)  and  extraction  (filled  symbols)  capacities 
at  2, 4, 6  and  8  C  in  the  potential  range  1 .2-3  V  for  TiCh  electrodes  containing  different 
amounts  of  CMC. 

shows  the  delivered  charge/discharge  capacities  at  the  different 
rates.  The  capacity  values  averaged  over  20  cycles  are  summarized 
in  Table  1.  Regardless  of  the  CMC  content,  all  electrodes  show 
remarkable  reversible  capacity  values  and  stability  upon  cycling. 
However,  the  electrodes  with  10%  binder  content  show  the  best 


performances.  Based  on  these  results,  the  electrode  formulation 
Ti02:Super  P:binder  80:10:10  w/o  for  both  CMC  and  PVDF  based 
electrodes  was  chosen  for  further  tests. 

3.3.  CMC/Ti02  vs.  PVDF/Ti02  electrodes:  effect  of  the  compression 
pressure 

Electrode  pressing  is  in  general  necessary  to  obtain  good 
mechanical  contact  between  Ti02  and  carbon  particles  and 
between  the  layer  and  the  current  collector.  During  this  step  the 
electrode  thickness  and  porosity  is  also  optimized.  The  CMC/Ti02 
and  PVDF/Ti02  electrodes  were  pressed  at  0.1  and  6  tons  cm-2. 
Based  on  the  measured  thickness  and  mass  of  the  electrodes,  the 
apparent  electrode  densities  and  porosities  have  been  estimated 
according  to  the  procedure  reported  in  [39].  For  sake  of  brevity,  the 
un-pressed,  pressed  at  0.1  and  6  tons  cm-2  CMC/Ti02  electrodes  are 
indicated  as  A,  B  and  C,  respectively.  The  corresponding  PVDF/Ti02 
electrodes  are  indicated  as  D,  E  and  F.  Table  2  summarizes  electrode 
names,  calculated  densities  and  porosities  values  [39].  It  is  worth 
to  point  out  that  the  density  values  for  the  un-pressed  electrodes, 
A  and  D,  indirectly  confirm  that  CMC  leads  to  more  compact  elec¬ 
trodes  than  PVDF,  as  already  revealed  by  the  SEM  micrographs.  The 
effect  of  the  different  preparation  parameters  was  evaluated  by  gal- 
vanostatic  cycles  at  increasing  charge/discharge  rates  from  2  C  to 
8  C.  A  comparison  of  the  specific  discharge  capacities  obtained  for 
the  different  electrodes  is  reported  in  Fig.  3(a).  Electrodes  B  and  F 
show  similar  cycling  behavior,  with  good  capacity  and  stability  up 
to  8  C  rate;  electrode  C  is  also  stable  upon  cycling  but  the  delivered 


Table  1 

Values  of  specific  discharge  capacity  averaged  on  20  cycles  at  any  current  rate. 

CMC  content  (%)  Discharge  capacity/mA  h  g-1  Discharge  capacity/mA  h g-1  Discharge  capacity/mA  h g-1  Discharge  capacity/mA  h  g-1 

2C-rate  4C-rate  6C-rate  8C-rate 


5%  152.4  128.2  111.4  98.5 

8%  152.6  134.5  124.8  111.3 

10%  164.7  142.4  131.0  120.1 

12%  157.9  134.0  120.5  109.8 
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Table  2 

Apparent  density  (measured  from  the  thickness  of  the  electrode  before  and  after  pressing)  and  estimated  porosity  of  the  different  electrodes. 


Applied  pressure/tons  cm-2 

Electrode  name 

Electrode  density/gcm-3 

Electrode  porosity  (%) 

Type  of  binder  (10%) 

0 

A 

0.79 

75.7 

CMC 

0.1 

B 

0.83 

74.4 

CMC 

6 

C 

1.26 

61.1 

CMC 

0 

D 

0.69 

79.0 

PVDF 

0.1 

E 

0.87 

73.7 

PVDF 

6 

F 

1.16 

65.0 

PVDF 

capacities  are  lower  than  those  of  electrodes  B  and  F.  Electrode 
E  rapidly  loses  capacity  and  stability.  The  results  clearly  suggest 
that  the  pressure  is  crucial  for  PVDF/Ti02  electrodes,  which  show 
good  stability  when  pressed  at  6  tons  cm-2  (F).  A  lower  compres¬ 
sion  is  ineffective  in  providing  suitable  compactness,  and  results  in 
a  rapid  loss  of  capacity  especially  at  the  highest  cycling  rates  (E). 
The  behavior  of  the  electrodes  prepared  with  CMC  is  less  affected  by 
the  applied  pressure.  The  electrodes  treated  at  lower  pressure  show 
better  performances  in  terms  of  reversible  capacity  and  cycling  sta¬ 
bility.  This  result  is  again  in  agreement  with  the  conclusion  in  [3] 
for  CMC/Li4Ti50i2  electrodes,  whose  compactness  may  lead  to  the 
elimination  of  a  roll-pressing  step  in  the  production  line  with  con- 


Fig.  3.  (a)  Comparison  between  specific  lithium  insertion  (hollow  symbols)  and 
extraction  (filled  symbols)  capacities  at  2, 4,  6  and  8  C  in  the  potential  range  1 .2-3  V 
for  CMC  and  PVDF-based  Ti02  electrodes  pressed  at  different  pressures,  (b)  Com¬ 
parison  between  galvanostatic  curves  of  the  first  cycle  (2  C  rate)  for  the  electrodes 
B  and  F. 


sequent  cost  and  time  reduction.  The  use  of  CMC  also  affects  the 
irreversible  capacity  loss  (ICL)  in  the  first  cycle  (Fig.  3(b)).  CMC/Ti02 
electrodes  show  ICL  values  in  the  range  12-13  mA  h  g-1  vs.  an  aver¬ 
age  value  of  20-25  mA  h  g-1  for  the  PVDF/Ti02  electrodes. 

The  high-rate  performances  of  the  different  electrodes 
have  been  evaluated  by  galvanostatic  cycles  at  increasing 
charge/discharge  rate  ranging  C/2  (ca.  0.084Ag-1)-30C  (ca. 
5.025  A g_1).  Fig.  4(a-d)  shows  the  lithium  insertion  profiles  of 
the  different  electrodes  recorded  at  0.5  C,  5C,  15  C  and  20  C, 
respectively.  Fig.  5  summarizes  the  capacities  of  the  different  elec¬ 
trodes  as  a  function  of  the  charge/discharge  rate.  At  low  rates, 
i.e.  0.5  C,  the  voltage  profiles  are  very  similar  for  all  electrodes, 
with  charge  capacity  values  close  to  1 85  mA  h  g-1  (Fig.  4(a)).  When 
the  charge/discharge  rate  is  increased,  electrode  E  rapidly  loses 
its  capacity,  and  at  20  C  the  plateau  disappears  (Fig.  4(d)).  The 
electrode  made  with  CMC  and  pressed  at  0.1  tons  cm-2  (elec¬ 
trode  B)  shows  the  best  performances.  Electrode  C  (CMC/Ti02, 
6  tons  cm-2)  shows  higher  polarization  and  lower  capacity  than 
electrode  B.  Nevertheless,  it  still  reaches  specific  capacity  values 
close  to  65mAhg-1  at  30  C.  These  results  confirm  that  replacing 
PVDF  with  CMC  in  anatase-based  electrode  leads  to  more  compact 
layers  and  better  electrochemical  performances  without  the  need 
of  applying  high  pressures. 

3.4.  Stability  and  full-cell  experiments 

All  the  previous  galvanostatic  experiments  have  been  per¬ 
formed  by  cycling  the  electrodes  in  the  potential  range  1.2-3  V. 
It  is  known  that  for  anatase  electrodes  the  lower  cut-off  can  be 
reduced  from  1 .2  V  to  1 V,  resulting  in  an  increased  capacity  due  to 
capacitive  contributions  [26,27,30],  generally  at  the  expenses  of  a 
decreased  stability.  On  the  other  hand,  the  increase  of  the  work¬ 
ing  potential  window  of  the  Ti02  anodes  is  important  to  design 
a  complete  cell  with  suitable  energy  density.  For  this  reason,  the 
long-term  stability  of  electrodes  containing  5,  8  or  10%  w/o  CMC 
has  been  tested  by  galvanostatic  cycles  in  the  potential  range  1  -3  V 
at  a  constant  rate  of  5  C.  Fig.  6  shows  the  variation  of  the  capac¬ 
ity  during  200  cycles.  Some  small  variation  in  long-term  capacity  is 
due  to  ambient  temperature  changes  during  the  experiment. 

The  first  cycle  insertion  capacity  values  range  1 70-180  mA  h  g-1 
with  ICL  in  the  first  cycle  between  15  and  19  mAhg-1.  During  the 
initial  cycles  the  specific  capacity  decreases  rather  rapidly  down  to 
about  125  mA  h  g_1 .  This  is  probably  due  to  “stabilization”  effects  of 
the  electrode  upon  cycling,  that  include  interactions  at  the  interface 
between  active  material  and  electrolyte,  related  to  the  low  poros¬ 
ity  and  to  the  hydrophilic  properties  of  the  CMC/Ti02  electrodes, 
as  well  as  processes  of  topotactic  lithium  insertion  in  the  anatase 
surface  layers  that  are  known  to  occur  at  potentials  below  1.7  V 
[26].  The  overall  effect  is  that  several  cycles  are  necessary  to  reach 
a  stable  value  of  specific  capacity. 

However,  while  for  electrodes  containing  5  and  8%  CMC  the 
decrease  in  capacity  continues  upon  cycling,  the  capacity  of  the 
electrodes  containing  10%  CMC,  after  the  initial  decrease,  increases 
to  the  stable  value  of  about  1 40  mA  h  g_1 .  For  this  electrode,  a  capac¬ 
ity  retention  of  83.7%  is  observed  after  200  cycles.  The  reasons  of 
this  behavior  are  at  present  not  completely  understood  and  will  be 
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Fig.  4.  Galvanostatic  lithium  insertion  curves  at  rates  0.5  C  (a),  5  C  (b),  15  C  (c),  20  C  (d),  for  the  CMC-  and  PVDF-based  Ti02  electrodes  pressed  at  different  pressures.  Potential 
range  1.2-3  V. 


the  subject  of  further  studies.  A  probable  reason  is  an  increase  of 
electrode  wettability  and  electrolyte  penetration. 

These  results  show  that,  for  the  electrodes  with  10%  CMC,  the 
low  potential  cut-off  can  be  reduced,  thus  expanding  the  potential 
window  and  increasing  the  energy  density  for  the  full-cell,  with¬ 
out  affecting  anode  capacity  and  stability.  The  compatibility  of  this 
kind  of  anodes  with  a  commercial  cathode  has  been  demonstrated 
by  assembling  a  battery  with  a  LiFeP04  cathode.  The  full-cell  was 
tested  in  the  potential  range  1-3.2  V  at  1  C.  The  C  rate  was  calcu¬ 


lated  on  the  basis  of  the  weight  of  the  anode  that  was  the  limiting 
electrode. 

Fig.  7(a)  shows  the  evolution  of  the  capacity  and  of  the 
coulombic  efficiency  of  the  full-cell.  The  capacity  is  very  sta¬ 
ble  and  the  columbic  efficiency  closes  to  100%.  The  cell  delivers 
about  0.775 mAh,  which  corresponds,  based  on  the  active  mate¬ 
rial  weight,  to  1 50  mA  h  g-1  for  the  anode  and  110  mA  h  g-1  for  the 
cathode.  Fig.  7(b)  shows  the  charge  voltage  profiles  of  the  full-cell 
at  some  selected  cycles.  Changes  in  cell  potential  profile,  with  a 


Fig.  5.  Reversible  capacity  vs.  charge/discharge  rate  of  the  CMC-  and  PVDF-based 
Ti02  electrodes  pressed  at  different  pressures.  Potential  range  1.2-3  V. 


Fig.  6.  Comparison  between  specific  charge/discharge  capacities  at  5  C  in  the  poten¬ 
tial  range  1-3  V  for  Ti02  electrodes  containing  different  amounts  of  CMC. 
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Fig.  7.  (a)  Cycling  performances  of  the  full-cell  made  with  Ti02/CMC  anode  and 
LiFeP04  cathode  at  1  C  charge/discharge  rate,  (b)  Charge  and  discharge  voltage  pro¬ 
files  at  selected  cycles  of  the  full-cell  and  (c)  related  charge  profiles  of  Ti02/CMC 
anode  and  LiFeP04  cathode. 


plateau  length  increase,  occur  upon  cycling.  This  is  due  to  a  pro¬ 
gressive  increase  of  the  anode  capacity,  as  observed  in  Fig.  7(c)  that 
shows  the  corresponding  voltage  profiles,  vs.  Li  reference,  of  both 
anode  and  cathode.  According  to  the  results  shown  in  Fig.  6,  the 
Ti02/CMC  anode  needs  several  cycles  to  reach  the  maximum  capac¬ 
ity,  therefore  a  higher  cathode/anode  mass  ratio  is  necessary  for  a 
correct  balance  of  the  full-cell.  However,  the  results  demonstrate 


that  Ti02  anodes  in  which  PVDF  is  replaced  by  CMC  are  compati¬ 
ble  with  LiFeP04  cathode.  Further  studies  on  the  properties  of  the 
Ti02/CMC  electrodes,  including  electrode  kinetics  and  optimization 
of  full-cell  balance,  will  be  the  subject  of  a  further  publication. 

4.  Conclusions 

The  use  of  non  toxic,  cheap  and  readily  available  materials  such 
us  anatase  Ti02  and  CMC  to  prepare  electrodes  combining  a  green 
manufacturing  process  and  high  performances  is  a  very  promising 
strategy  for  the  optimization  of  large-scale  production  of  lithium- 
ion  batteries.  The  present  work  demonstrates  that  CMC  can  be  used 
as  binder  for  the  preparation  of  anatase  Ti02  electrodes  using  an 
aqueous  process  and  reducing  the  environmental  related  prob¬ 
lems  during  production  and  disposal.  The  CMC/Ti02  electrodes 
show,  in  addition,  more  compactness  and  better  electrochemical 
behavior  than  those  containing  PVDF  as  binder.  This  is  probably 
due  to  different  interactions  between  the  binder,  the  active  mate¬ 
rial  and  carbon  that  translate  into  suitable  properties  in  terms  of 
porosity,  wettability  and  compactness  of  the  composite  electrodes. 
Another  advantage  in  large-scale  electrode  manufacturing  is  that 
the  pressing  step  is  less  crucial,  or  even  not  necessary.  In  conclu¬ 
sion,  the  advantages  of  using  CMC  instead  PVDF  for  Ti02  anodes 
for  lithium-ion  batteries  are:  (i)  replacement  of  toxic  and  volatile 
organic  solvents  with  water  during  electrode  manufacturing;  (ii) 
more  compact  layers  with  porosity  close  to  the  optimum  value  and 
consequent  less  critical  pressing  process  during  electrode  prepara¬ 
tion;  (iii)  better  electrode  capacity  at  high  charge/discharge  rates; 
(iv)  lower  irreversible  capacity  loss. 
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